Introduction
============

Cancer stem cells (CSCs) are a subpopulation of cells sharing some similar characteristics with embryonic stem cells (ESCs) and displaying stem cell properties, including self-renewal, tumorigenesis, tumor growth and differentiation.[@b1-btt-11-071] CSCs have been identified in many different types of tumors, including cervical cancer.[@b2-btt-11-071]--[@b4-btt-11-071] Increasing studies have reported that CSCs could promote tumorigenesis and drug resistance.[@b5-btt-11-071],[@b6-btt-11-071] Some cell-surface markers, such as CD133, Oct4, Sox2, Nanog and CD44, have been popularly used to isolate CSC subpopulations. These CSCs are thought to demonstrate therapeutic resistance and play critical roles in the recurrence and metastasis of cancer.[@b3-btt-11-071]

Homeostasis of intracellular proteins is essential for cell viability and proliferation. Different systems of intracellular protein quality control maintain homeostasis and cellular viability.[@b7-btt-11-071] These processes are largely modulated by autophagy.[@b8-btt-11-071] Autophagy is a conserved lysosomal degradation pathway, which involves the degradation of cytoplasmic components to maintain cellular function.[@b9-btt-11-071] It is generally induced by extracellular stresses such as starvation. Dysfunction of autophagy is related to a variety of diseases and cancers.[@b10-btt-11-071]

The physiologic function of autophagy is well known to maintain homeostasis in mammalian cells. It has been reported that autophagy regulates homeostasis of pluripotency-associated (PA) proteins in human embryonic stem cells (hESCs). The pluripotency of hESCs is largely maintained by orchestrated networks of regulatory PA transcription factors such as Oct4, Sox2 and Nanog.[@b11-btt-11-071] Quantitative imbalances of these proteins can lead to the loss of pluripotency or differentiation of ESCs.[@b12-btt-11-071]--[@b14-btt-11-071] That is to say, autophagy could maintain the pluripotency of hESCs by regulating the PA proteins. Autophagy has been highly observed in CSCs.[@b15-btt-11-071] However, the role of autophagy in CSC pluripotency maintenance is still poorly understood. Understanding the mechanisms underlying the maintenance of CSCs may be critical for the development of new therapeutic approaches that may be able to target this specific population and enhance the efficacy of chemotherapy in cervical cancer.

Materials and methods
=====================

Cell culture and chemical treatments
------------------------------------

HeLa (ATCC, BH0999) and CaSki cells (ATCC, ATCC-1398) were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum, as in our previous study.[@b16-btt-11-071]

Tumorsphere formation
---------------------

Cervical cancer cells were plated in low attachment culture dishes at a density of 500 cells/ml in DMEM/F12 basic medium, supplemented with 1% B27 (1:50; Invitrogen), 20 ng/ml basic fibroblast growth factor (BD Biosciences), 20 ng/ml epidermal growth factor (BD Biosciences) and 0.4% bovine serum albumin (Sigma-Aldrich), as per the study by Cho et al.[@b17-btt-11-071] To propagate tumorspheres in vitro, primary tumorspheres were enzymatically dissociated with 0.05% trypsin for 3 min at 37°C to obtain a single-cell suspension, and then cultured in suspension to produce the next generation of tumorspheres.

Chemical treatments of cervical cancer cells
--------------------------------------------

Cervical cancer adherent and stem cells were stabilized in corresponding media. For inhibition of autophagy, cervical cancer cells were cultured in media supplemented with 100 nM rapamycin (Sigma-Aldrich) for 48 h. For starvation, cells were incubated in HBSS buffer for different times. For inhibition of mTOR signaling, cervical cancer cells were cultured in media supplemented with 100 nM rapamycin (A.G. Scientific, R-1018).

CRISPR vector and single guide RNA (sgRNA) cloning
--------------------------------------------------

The pGK1.2 vector (Genloci, Beijing, People's Republic of China) expressing Cas 9 and containing a cloning site for the sgRNA sequence was digested with BbsI (NEB). Beclin 1 sgRNAs were constructed online (<http://crispr.mit.edu/>) and then cloned into the pGK1.2 vector according to the manufacture's instruction. The complementary oligos with two overhanging sequences CACC or AAAC at 5′ for each sgRNA were annealed to form double sequence, and finally ligated with the linearized pGK1.2. Competent cells were transformed with 2 μl of the ligated plasmid, plated with selection and single colonies were expanded prior to plasmid extraction using Maxiprep kit (Qiagen). The correct insertion of the sgRNA sequences was confirmed using Sanger sequencing.

Selection of Beclin 1 mutation-corrected HeLa clones
----------------------------------------------------

HeLa cells were transfected using the Amaxa cell line Nucleofector Kit V (Lonza) according to manufacturer's guidelines. A total of 1×10^6^ cells were transfected with 10 μg of pGK1.2 plasmid and then transfected for the second time after 24 h. In all, 3 μg/ml puromycin was used to select the positive cells. After 3 days of selection, cells were plated as single in 96-well plates and incubated at 37°C for 2 weeks before being harvested for DNA extraction. The percentages of Beclin 1 targeting were analyzed with T7 endonuclease 1 as in our previous study.[@b16-btt-11-071]

Cell growth assay
-----------------

The proliferation capability of HeLa cells was detected with RTCA DP Analyzer (ACEA). HeLa cells with or without TET1 disruption were digested with 0.05% trypsin-EDTA and plated into E-Plate 16 at a density of 1×10^3^/well and incubated at 37°C for 96 h. The experiment was performed in triplicates.

Invasion assay
--------------

The invasion ability of HeLa and CaSki cells were analyzed with Transwell filters, as in our previous study.[@b16-btt-11-071] The upper surface of Transwell filters (diameter 12 mm, pore size 8 mm; Millipore, Billerica, MA, USA) was coated with Matrigel, and then 1×10^5^ cells suspended in serum-free medium were plated into the top side of the polycarbonate. Medium with serum was used as a chemoattractant in the lower chamber. The cells were incubated at 37°C for 48 h before removing the medium from the top chamber. The nonmigratory or non-invasive cells were scraped off by a cotton swab. Cells on the lower surface were fixed in 70% ethanol for at least 10 min, then washed and stained with 0.1% crystal violet for 5--10 min. Images were collected under an inverted microscope (Olympus) and the number of migrated cells were counted. Each assay was repeated three times.

Autophagosome detection
-----------------------

Cells were fixed with 4% paraformaldehyde for 30 min, then washed and stained with 0.1% Acridine orange for 5--10 min. Images were collected under a fluorescence microscope (Leica).

Western blot analysis
---------------------

Western blot analysis was carried out, as in our previous study.[@b16-btt-11-071] All experiments were performed at least three times. Representative autoradiograms are shown. The antibody dilutions were as follows: anti-LC3 rabbit mAb (Beyotime, AL221, 1:500); anti-Beclin 1 rabbit mAb (CS, 3495, 1:250); anti-phospho-mTOR rabbit mAb (CS, 5536, 1:250); anti-phospho-4EBP1 rabbit mAb (CS, 2855P, 1:250); Oct-4A rabbit mAb (CS, 2840P, 1:250); Sox2 rabbit mAb (CS, 3579P, 1:250); CD133 rabbit mAb (Sigma-Aldrich, SAB4300882, 1:250) and GAPDH mouse monoclonal antibody (Beyotime, AF0006, 1:200). Goat anti-mouse and goat anti-rabbit antibodies were obtained from Bio-Rad (Beyotime, A0258 and A0239, 1:500).

Statistical analysis
--------------------

Statistical analysis of the differences between the groups was performed using Student's *t*-test. *P*\<0.05 was considered statistically significant.

Results
=======

To elucidate the basal and starvation-stimulated autophagic capacities of cervical CSCs, we used an in vitro system in which primitive mammary CSCs can be propagated in culture as floating spherical colonies termed "tumorspheres". A single-cell suspension was obtained from HeLa and CaSki cells and cultured in tumorsphere media in low adhesion plates for 7--10 days and the ability of CSCs to form tumor spheroids was monitored. A size of 60 μm was selected as cutoff for counting the number of spheroids as described previously[@b16-btt-11-071] ([Figure 1A](#f1-btt-11-071){ref-type="fig"}). Further, CSCs were characterized by the expression of stemness markers Oct-4, Sox2 and CD133 ([Figure 1B and C](#f1-btt-11-071){ref-type="fig"}). CSCs are known to have differentiation ability as that of stem cells. Therefore, we also measured the adipogenic differentiation ability and found lipid droplet-like cells when cultured in adipogenic induction media for about 2 weeks ([Figure 1C](#f1-btt-11-071){ref-type="fig"}).

Robust autophagic flux in tumorspheres is correlated with CSC/progenitor phenotype
----------------------------------------------------------------------------------

To find out whether the level of autophagy was different between general cervical cancer cells and CSC tumorspheres, we firstly tested the autophagic flux of them. Acridine orange staining indicated that the autophagic flux in CSCs in both basal and HBSS-induced conditions was higher than in the general adherent cervical cancer cells ([Figure 2A](#f2-btt-11-071){ref-type="fig"}). Western blot analysis of LC3 and Beclin 1 showed that the amount of LC3 II was markedly increased in cervical CSCs, and the level of Beclin 1 was also higher in the CSC group ([Figure 2B](#f2-btt-11-071){ref-type="fig"}). Taken together, these findings indicate that autophagosome synthesis was greater in CSCs than in the general cancer cells, both at the basal level and during HBSS treatment.

Autophagy regulates the proliferation and invasion of cervical CSCs
-------------------------------------------------------------------

HeLa CSCs treated with rapamycin or HBSS with different times were used to detect the proliferation and invasion ability. xCELLigence RTCA DP Instrument showed that cell viability was enhanced when treated with rapamycin for 6 h or HBSS for 4 h, while decreased at 12 and 24 h when treated with rapamycin or 8 h with HBSS ([Figure 3A and B](#f3-btt-11-071){ref-type="fig"}).

Transwell assay indicated that HeLa cell invasion ability was enhanced when treated with rapamycin for 6 h or HBSS for 4 h, while decreased at 12 and 24 h treated with rapamycin or 8 h with HBSS ([Figure 3C--F](#f3-btt-11-071){ref-type="fig"}). These results indicated that autophagy could regulate the proliferation and invasion of cervical CSCs.

Autophagy regulates the stemness of cervical CSCs
-------------------------------------------------

The mTOR signaling pathway associated with autophagy activity is known to be a key regulator in the pluripotency of hESCs.[@b17-btt-11-071] To verify whether this phenomenon exists in cancer, cervical CSCs were starved to inhibit mTOR signaling for 2, 4 and 8 h. mTOR-downstream markers (p-mTOR and p-4EBP) and PA proteins (Oct4 and Sox2) were tested. It was found that autophagy markers indicate a time-dependent induction of autophagy, LC3 II and Beclin 1 were enhanced at 2 and 4 h, but repressed at 8 h. We also observed that the expressions of Oct4, Sox2 as well as p-mTOR and p-4EBP were changed in the same way as in autophagy ([Figure 4A--C](#f4-btt-11-071){ref-type="fig"}). Both the PA proteins ([Figure 4A and B](#f4-btt-11-071){ref-type="fig"}) and the mTOR-downstream markers ([Figure 4C](#f4-btt-11-071){ref-type="fig"}) were increased at 2 and 4 h, and reached the peak at 4 h, but then declined at 8 h. From these results, we hypothesized a possibility that autophagy activity might be associated with the regulation of PA proteins in cervical CSCs.

The effect of autophagy inhibitor 3-MA on cervical cancer cells
---------------------------------------------------------------

To further confirm whether autophagy could regulate the stemness of cervical cancer cell, an autophagy inhibitor 3-methyladenine (3-MA) was used to inhibit the autophagy level of HeLa cells. It was found that after been treated with 3-MA, the number of autophagosome was decreased significantly ([Figure 5A](#f5-btt-11-071){ref-type="fig"}), and the production and invasion abilities were also inhibited ([Figure 5B](#f5-btt-11-071){ref-type="fig"}). Furthermore, we also observed that the expression levels of PA proteins were decreased in both in 3-MA treated group adherent and tumor-sphere stem cells ([Figure 5C](#f5-btt-11-071){ref-type="fig"}).

Beclin 1 is critical for the malignance of cervical cancer cells
----------------------------------------------------------------

*Beclin 1* gene of HeLa cell was targeted, as in our previous study (data not shown).[@b16-btt-11-071] To test whether PA proteins are really degraded via autophagy pathway, the protein levels of Oct4, Sox2 and CD133 in Beclin 1^−/−^ cells were detected, and it was found that they are all inhibited compared to the wild-type groups ([Figure 6A](#f6-btt-11-071){ref-type="fig"}). This showed more clearly a reverse correlation in the protein regulation between autophagy and PA proteins. These results indicate that degradation of PA proteins is directly correlated with autophagy regulatory machineries.

The number of tumorspheres formed after serial passages at clonal density reflects the self-renewal of primitive CSCs, whereas the size of the tumorspheres reflects progenitor cell proliferation. To investigate the function of autophagy in the self-renewal potential of cervical CSCs and progenitor cell proliferation, we investigated HeLa tumorsphere formation following CRISPR/Cas 9-mediated Beclin 1 knockout. We found that the size and number of tumorspheres (35 versus 11) were lower ([Figure 6B and C](#f6-btt-11-071){ref-type="fig"}) following Beclin 1 knockout. Furthermore, when cultured in adipogenic induction media for about 2 weeks, there were more lipid droplet-like cells in Beclin 1^−/−^ group ([Figure 6D](#f6-btt-11-071){ref-type="fig"}). It suggested that Beclin 1 is critical for maintaining the proliferation of cervical CSCs and progenitor cells.

Discussion
==========

Autophagy is a process of cytoplasm and cellular organelle degradation in which a large number of small proteins are involved. It contributes to the maintenance of a proper cellular homeostasis and is emerging as an attractive therapeutic target in human cancers, including cervical cancer.[@b15-btt-11-071] A precise understanding of the complex autophagy machinery is essential to understand the underlying cellular and molecular mechanisms in carcinogenesis, including cervical cancer.

CSCs, also known as tumor-initiating cells, share some characteristics with adult stem cells like unlimited capacity for proliferation, self-renewal and differentiation.[@b2-btt-11-071] An appropriate CSC model is critical for analyzing autophagy and its involvement in CSC biology. In this study, we characterized tumorspheres from human cervical cancer cell lines. We observed that HeLa and CaSki cells could form tumorspheres when cultured in single cells. Furthermore, these tumorspheres express CD133 and Oct4 at the same time. When cultured in adipogenic induction media, the cervical CSCs could differentiate into lipid droplet-like cells. These data indicate that tumorsphere cultures of cervical cancer cells have higher stemness marker expression and the tumorspheres contain more CSCs/progenitor cells than the parental adherent cultures, which is consistent with other studies on growth of cervical CSCs as tumorspheres in three-dimensional cultures.[@b18-btt-11-071] Although the "whole" mouse mammary and human cervical tumors probably arise from a combination of "adherent" and "tumorsphere"-like cells, CSCs play a critical role in "total" tumor progression.

Recent reports suggest a potential role for autophagy in the origin, maintenance and distribution of CSCs.[@b19-btt-11-071] In the present study, we showed that at both basal level and under starvation conditions, autophagic flux was significantly higher in the tumorspheres than in the adherent cells. Tumorspheres are formed by growing cervical cancer cells under low attachment conditions; extracellular matrix detachment can induce robust autophagy in all cells during tumorsphere formation. These findings suggest that CSC/progenitor phenotype displays higher autophagic flux than the non-CSC/progenitor phenotype.

Although the existence of the CSCs in various tumor types has been confirmed, the mechanism that regulates their generation and maintenance remains elusive. In the present study, we observed that induction of autophagy by HBSS or rapamycin could regulate the population of CSCs. Firstly, HBSS- or rapamycin-treated cervical cancer cells showed increased ability of proliferation and invasion. It confirms the crucial role of autophagy in cervical CSC stemness maintaining. Secondly, we observed an increase in the expression of Oct-4 and Sox2, two potential stem cell markers, when autophagy was induced. At the same time, autophagy also helps to maintain the CSC pool, which may be crucial for developing cancer relapse. However, autophagy-mediated regulation stemness and drug-resistant genes in CSCs remain to be explored further. Moreover, in the present study, for the first time we are showing that CSCs of cervical cancer may rely highly on autophagy to sustain their proliferation and survival.

The pluripotency of ESCs is maintained by intracellular networks of many PA proteins such as Oct4, Sox2 and Nanog. However, the mechanisms underlying the regulation of protein homeostasis for pluripotency remain elusive. Here, we firstly demonstrated that autophagy could modulate the levels of PA proteins in human cervical cancer cells. A previous study had shown that rapamycin inhibits mTORC1 activity in cell cycle-arrested senescent REF cells, thereby preventing senescence and activating transcription of pluripotent genes.[@b20-btt-11-071] Our results were consistent with this study. But we found that autophagy and PA proteins began to decline as treatment time was prolonged. This may be because the cells tend toward apoptosis when the HBSS handles beyond the limitation.

It has reported that the PTEN/mTOR/STAT3 pathway is required for the maintenance of cervical CSCs. Activation of mTOR downregulates autophagy and leads to the phosphorylation of eukaryotic initiation factor 4E binding protein 1 (4EBP1) and 70 kDa polypeptide 1 ribosomal protein S6 kinase-1 (p70S6K).[@b21-btt-11-071] We monitored the activity of mTOR by detecting the levels of phosphorylation of its substrate, p4EBP1, and found that it was negatively correlated with the level of autophagy, which means the inhibition of mTOR signaling.

Beclin 1 depletion in monolayer cultures was found to increase tumorigenesis.[@b22-btt-11-071] In this study, in order to further confirm the effect of autophagy inhibition, we used CRISPR/Cas 9-mediated gene targeting to knock out Beclin 1, which is implicated in the initiation of autophagic pathway. We found that the knockdown of Beclin 1 in the adherent cervical cancer cells led to an increase in the expression level of PA proteins. These findings suggest that autophagy may be protumorigenic in cervical CSCs/progenitor cells.
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![The characteristics of the cervical cancer tumorspheres. (**A**) Tumorsphere cultured in serum-free medium for 10--12 days. Magnification ×40 (left) and ×100 (right). **(B**) Immunofluorescence detected the expression of Oct4 and stem cell marker CD133 in tumor sphere cells. (**C**) The tumor sphere cells were further induced with lipid cells. (**D**) After 14--21 days of induction, the lipid drop-like oil "O" positive cells were found. Magnification ×100. Scale bars =100 μm.](btt-11-071Fig1){#f1-btt-11-071}

![The level of autophagy in cervical cancer tumorspheres and adherent cells. (**A**) Acridine orange staining detected autophagic flux in cancer stem cells and adherent cells in both basal and HBSS-induced conditions. The orange fluorescence represent autophagosomes. Magnification ×100. (**B**) Western blot analysis of the expression levels of LC3 II and Beclin 1 in primary adherent cells (left lane) and tumorspheres (right lane). Cells were incubated in HBSS for different hours. GAPDH was used as a loading control. Scale bars =100 μm.](btt-11-071Fig2){#f2-btt-11-071}

![The effects of rapamycin or HBSS on cervical cancer cells. (**A**) xCELLigence Real-time Cellular Analysis (RCTA) detection of the effects of rapamycin on HeLa cell proliferation at different times. The violet is the wild-type group (0 h), the red represents 6 h, the blue represents 12 h and the green represents 24 h (*P*\<0.05). (**B**) xCELLigence RTCA detection of the effects of HBSS on HeLa cell proliferation at different times. The blue is 0 h, the red is 4 h and the green is 8 h (*P*\<0.05). (**C** and **D**) Transwell test of the invasion ability of HeLa cells treated with rapamycin at different times. The crystal violet staining-positive cells were those who passed through the Matrigel and Transwell (**C**). The crystal violet staining-positive cells were counted under inverted microscope, and the numbers are shown in the histogram (**D**). (**E** and **F**) Transwell test of the invasion ability of HeLa cells treated with HBSS at different times. The crystal violet staining-positive cells were those who passed through Matrigel and Transwell (**E**). The crystal violet staining-positive cells were counted under inverted microscope, and the numbers are show in the histogram (**F**). \**P*\<0.05. Scale bar =100 μm.](btt-11-071Fig3){#f3-btt-11-071}

![Effects of autophagy on regulating proteins in cervical cancer stem cells. (**A**) Western blot detected the expression levels of pluripotency-associated proteins Oct4, Sox2, and CD133 in both adherent and tumorsphere HeLa cells. (**B**) Western blot detected the effect of HBSS on the level of pluripotency-associated proteins Oct4, Sox2 and CD133 in both adherent and tumorsphere HeLa cells at 0, 4 and 8 h. (**C**) Western blot detected the mTOR-downstream markers p-mTOR and p-4EBP when cells were treated with HBSS for 0, 2, 4 and 8 h.](btt-11-071Fig4){#f4-btt-11-071}

![The effect of autophagy inhibitor 3-methyladenine (3-MA) on cervical cancer cells. (**A**) Acridine orange staining detected autophagic flux in cancer stem cells and adherent cells with and without 3-MA treatment. The orange fluorescence represents autophagosomes. Magnification ×100. (**B**) xCELLigence RTCA (top) and Transwell (bottom) detected the effects of 3-MA on HeLa cell proliferation and invasion. (**C**) Western blot detected the effected of 3-MA on the level of PA proteins Oct4, Sox2 and CD133 in both adherent and tumorsphere HeLa cells. ^\#^*P*\<0.05. Scale bar =100 μm.](btt-11-071Fig5){#f5-btt-11-071}

![Beclin 1 is critical for maintaining the proliferation of breast cancer stem cells (CSCs) and progenitor cells. (**A**) Western blot detected the effect of Beclin 1 knockout on pluripotency-associated (PA) expression of HeLa cells. (**B** and **C**) Detection of HeLa formation. Wild-type and Beclin 1^−/−^ HeLa cells were cultured in CSC culture media for about 10--12 days; the number and size of tumorsphere were calculated (**B**). The numbers are shown in the histogram (**C**). (**D**) The effect of Beclin 1 knockout on HeLa CSCs differentiation. When cultured in adipogenic induction media for about 2 weeks, there were more lipid droplet-like cells in the Beclin 1^−/−^ group. Magnification ×100.](btt-11-071Fig6){#f6-btt-11-071}
